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Abstract
Earthquakes in Haiti and Nepal left many people
devastated. Millions of people were initially displaced and forced
to reside in displacement camps. Developing countries like these
need a form of economical construction. Our design and
manufacturing process for interlocking CMU (concrete masonry
unit) blocks can help build low-cost homes quickly and efficiently.
Wall construction costs are reduced because skilled masons are not
needed to build the wall. Instead, unskilled homeowners and
laborers can stack the interlocking blocks, which serve as forms for
the subsequent placement of reinforcement and grout within some
of the CMU block voids.
Using a steel mold, we were able to produce 4 sample
blocks. With various design constraints in mind, we narrowed our
block down to one design. We then designed a mold to make the
blocks. Even though our mold design was sufficient for making the
blocks, recommendations such as funneled walls on the top rim of
the mold form could be used for improved block construction.
Since we were not able to reach our intended goal of building a
wall from our interlocking block design due to time constraints, we
left that portion of our project as future work.
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1. Introduction
1.1 Description of Problem
The main motivation behind the project was providing for impoverished people
earthquake resistant homes using cost effective solutions. Natural disasters around the world
create the need for low cost, simple building material especially when these natural disasters
occur in developing countries. Two of those countries in particular are Haiti and Nepal.
In 2010, Haiti was hit by an earthquake of 7.0 magnitude on the Richter scale leaving
between 230,000 and 316,000 people dead1. Of those who survived, 1.5 million were initially
displaced. Of those displaced, at least 400,000 people had yet to find housing even three
years after the earthquake struck. The displaced reside in displacement camps that consist of
make-shift tents made up of cloth and blankets. Living conditions in these camps continue to
worsen due to ineffective sanitation and waste disposal methods.

Figure 1: A picture of a displacement camp in Haiti.

Even more recently, on April 25, 2015, an earthquake of 7.8 magnitude struck the
country of Nepal. Up to 80 percent of homes are believed to have sustained damage with
more than 70,000 homes destroyed and damage to an additional 530,0002. Engineers who
surveyed the area deemed three quarters of the buildings as either unsafe or uninhabitable.
1
2

http://www.cnn.com/2013/12/12/world/haiti-earthquake-fast-facts/
http://www.usaid.gov/nepal-earthquake/fy15/fs04
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This disaster left 2.8 million people displaced. Nearly a third of the Nepal’s population have
been affected by the earthquake across 39 of the country’s 75 districts.
Haiti and Nepal need an alternative housing solution to displacement camps. Because
they are both impoverished nations, the solution needs to be economical as well as simple
enough to allow for local laborers to be able to build. The community would benefit
tremendously if people could build for themselves at greatly reduced costs. The solution
developed herein should be applicable to many developing countries around the world, in
both seismic and non-seismic areas.

1.2 Project Goals
Our project focused on the design of interlocking voided CMU (concrete masonry
unit) blocks. CMU blocks can be a cheap alternative as a housing material without the mortar
joint in between blocks. This project was two-fold. First, we had to design a functional shape
using interlocking blocks. Secondly, we had to produce a simple, effective manufacturing
process for these blocks. Our models for the block design and manufacturing process were
created to ensure quick, inexpensive wall construction that can be tailored to work in
different wind and seismic environments.

2. Analysis of Alternatives
A few drawbacks to building a home to concrete is, for one, it can be more labor
intensive than putting up a frame home. Areas with high water tables are also prone to water
seepage in their homes. In addition, concrete blocks are typically more expensive than
traditional frame construction.
A few reasons to build with concrete blocks, whether interlocking or not, as oppose to
other building materials are that concrete is low maintenance, extremely durable, and very
versatile. Concrete is essentially built to “stand the test of time.” Moisture, which can
undermine other building materials through rust or rot, has no weakening effects on concrete.
Neither do termites nor mold. In fact, concrete continues to strengthen over time. Concrete is
also one of the most durable materials on Earth. It is far less likely to suffer damage in the
event of a fire or earthquake and can be reinforced to protect against high winds or seismic
2!

forces. If damage does occur, the structural integrity of the building typically remains intact
allowing for easier rebuilding. Concrete also comes with design flexibility. It can be used for
just about any house feature imaginable.
One current solution to housing is building with standard CMU blocks. The
difference between standard and interlocking CMU blocks is that standard blocks use mortar
joints in between the blocks for bonding. Our project is designed to improve this existing
technology. Standard blocks have already proven themselves as a building material but we
plan on simplifying this process with our design for interlocking CMU blocks.
Standard CMU blocks require skilled labor to lay the mortar. Not only does laying the
mortar between every block take time, it also takes extra money to hire the skilled laborers.
This step consumes the majority of the time and expense in the process of building a CMU
wall. Conventional CMU blocks can also be unnecessarily strong. The compressive strengths
of concrete masonry units and masonry walls varies from approximately 1,000 psi to 5,000
psi when in reality these walls will only be looking at under 100 psi3. This means that the
walls are built around 100 to 250 times stronger than what they’ll actually be exposed to.
Normally, this “problem” wouldn’t be much of a problem. However, since we are trying to
propose a cost effective solution, the standard CMU blocks are too expensive for our target
locations. Weaker blocks would be more affordable and a better alternative to substandard
housing for those can’t afford the luxury of conventional blocks. The question now is how do
we make standard CMU blocks more affordable for developing countries?
Our solution to this question was interlocking blocks. Interlocking blocks are a fairly
new concept. One of the main focal points of our design for interlocking CMU blocks was
that it did away with the mortar joint and, hence, the need for skilled labor. Laying mortar is
a skilled labor because the quality of mortar and workmanship, and the pattern in which the
units are assembled can significantly affect the durability of the overall construction.
Therefore, removing the mortar joint greatly reduces costs. It also allows for quicker wall
construction as mortar will not need to be laid after every row of blocks. Removing this step
in the process could cut the overall time to build a wall in half. One person alone can make as
3

See Figure A3 in the Appendix
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many as 50 blocks in one day. Because we plan for unskilled laborers to build with the
interlocking blocks, the simplicity of the blocks was key. It is almost impossible to lay
interlocking blocks incorrectly. Like a Lego, if a block is not laid as designed, it will not fit.
Our project is not just about interlocking blocks but also an interlocking block wall
system. In later sections, we will discuss the use of rebar and grout filling the voids to add to
the structural integrity of our proposed wall and whether or not this wall can withstand forces
similar to those it might see in the field.

3. Design Criteria
While designing the blocks, a few design constraints had to be in place. First, the
blocks’ geometry. One of the defining features of the blocks are their geometry. 2-to-1
dimensions do not require special blocks to go around corners. Second, our blocks had to be
lightweight. We wanted our blocks to be of manageable weight and size to allow for quicker
wall construction. Next, the blocks had to be able to be made hands-on. Using man-power to
build the blocks ensures that the impact on the environment would be minimal. Lastly, we
wanted to minimize the use of material and, in turn, minimize cost.

4. Design Process
The design process began on SolidWorks. SolidWorks is a solid modeling CAD
software. Keeping the different design constraints in mind, we came up with four different
designs. The designs can be seen in Figure 2.

4!

Figure 2: Different block designs drawn using SolidWorks.

The next step in the design process was 3D printing. Using the 3D printer in the
Frugal Innovation Lab at Santa Clara University, miniature versions of the blocks were
printed. This step gave a better physical representation of what the different designs would
look and feel like allowing for a more hands-on experience. It also allowed for stacking of
multiple blocks of the same design and observation of how the blocks behaved in corners.
Figure 3 shows the 3D printed versions of the blocks.

Figure 3: The 3D printed versions of the different block designs. (show block numbers 1-4?)
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4.1 Block Design
The four different block designs resulted are identified as Block 1, 2, 3 and 4. In this
section, we’ll explain the reasoning behind rejecting Blocks 1, 2 and 3, and why Block 4 was
eventually chosen.
Block 1 can be seen in Figure 4. This design was rejected because the extrusions
emerging from the top of the block were almost at a 90-degree angle. The steepness of the
angle and the thinness of the extrusions would make them susceptible to chipping off easily
during construction.

Figure 4: Profile and plan views of Block 1.

Block 2 (shown in Figure 5) was also rejected. The pyramid-like extrusion design
provided a less steep of an angle coming out of the top. However, the void space was small
due to the thickness of the block walls. As a result, more material would be required than
desired to make blocks from this design. The blocks would be heavier than other blocks from
the other designs which may slow down the construction process.

Figure 5: Profile and plan views of Block 2.

Blocks 3 and 4 were most similar in design. They can be seen in Figure 6 and 7. The
reason behind rejecting Block 3 was, again, because of the thicker walls. In addition to the
thickness of the walls, the ridges at the top and bottom of Block 3 are set at 45-degree angles
as oppose to Block 4’s 30-degree angles. These steeper angles would make it harder for the
mix to set when molding the blocks raising the chances for the ridges to slump.
6!

Figure 6: Profile and plan views of Block 3.

Figure 7: Profile and plan views of Block 4.

Block 4 has dimensions of 12 inch X 6 inch X 6 inch. Again, this 2-to-1 geometrical
design eliminates the need for special corner blocks. Block 4 can be seen going around a
corner in Figure 8. As with any concrete block house, the builders must make sure the blocks
are level during construction so as to not throw off the entire wall. Any pebbles between
blocks would disrupt the stacking of the blocks and the effects would worsen as the wall is
built higher.

Figure 8: Different angles of 3D printed Block 4 going around a corner.

The blocks were made out of mortar mix. The mix design wasn’t a critical parameter
for our project and was out of our scope of work. Using bags of mortar mix was good for
remaining consistent when building the blocks.
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4.2 Mold Design
In order for the blocks to be produced, a mold had to be designed. The first mold
design was made out of wood and consisted of four pieces that can be seen in Figure 9: the
base piece, the top form, the outer shell, and the void inserts.

Figure 9: The wood mold prototype pieces laid out and put together.

The bottom two pieces, from left to right, are the base piece and the top form. The top pieces
are the outer shell and void inserts. The 2X4 piece of wood above the two inserts has the sole
purpose of making sure the inserts stay aligned and properly spaced. Figure 9 also shows the
mold as it would be put together and used.
After making a few blocks with the wood mold prototype, a few conclusions were
made. First, we found that it was difficult to insert the mix into the mold as the top form
could only be lifted so high from the outer shell before hitting the 2X4 connecting the two
void inserts. This left a small gap for the mix to be shoveled in. Second, we found that it was
difficult to lift the mold from the base piece as the void inserts sat too snug on the base piece.
As a result, we tapered the void inserts so that it could be more easily removed. Even after
tapering the inserts, we ran into problems with lifting the mold from the block. Every time
we attempted to remove the mold after inserting the mix, the top parts of the blocks were
damaged. A picture of one of the blocks we made using this mold prototype can be seen in
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Figure 10. We concluded that this design for a block mold would not suffice. It would be too
difficult to use in real world situations.

Figure 10: Picture of one of the first blocks made from the wood mold prototype.

The second mold design was completely different from the first and was modeled
after another mold we encountered as we were doing research that can be found in Appendix,
Figure A1. Our final design can be seen in the appendix, Figure A24 through Figure A34.The
new design was made from steel cut from a 1/8” plate. Steel was the chosen material because
it is more durable than wood and would likely last longer when making large quantities of
block. The mold consisted of two pieces: the mold form and the mold press. These pieces can
be seen in Figure 11. The main downside to using steel is that it is relatively heavy. The mold
and press combined are 38.6 lbs which could cause workers to tire out more easily than with
a lighter mold. For the purposes of our project, the wooden base pieces were used for this
mold design as well. In reality, the base pieces would likely be made out of injected-molded
plastic. The manufacturing of the base pieces will be talked about in more detail in the Block
Manufacturing chapter.

9!

Figure 11: Steel mold pieces (from left to right): mold form and mold press

The way this mold works is that the mix would be shoveled into the mold form piece. This
time the void inserts are attached to the mold shell. Once the mold form is filled to the top
with the mix, the press would sit on top of the mix and someone would push down on it
compacting the mix until the horizontal bars going across the press column bars hit the top of
the block mold. The horizontal bars ensure that the blocks are built to the same height every
time.

5. Block Manufacturing
5.1 Variables
The manufacturing process for interlocking CMU blocks is a critical part of making
the concept work. There are several variables that need to be taken into account during the
manufacturing process including block density, consistent geometry, and production
efficiency. The mix used may also affect the production, but that was out of our scope of
work and should be addressed in future research.
One of the biggest problems we faced throughout the design of the manufacturing
process was how to ensure that the density of the blocks was consistent for every block
produced. Large variations in the density of the blocks will have an effect on the strength of
the blocks and how they react under loading. Different strengths of blocks can affect the
overall strength of the wall. If a weak block is used in an a critical area such as a door or
window frame, then that one weak block could fail and cause damage to the whole building.
10!

If a single block fails it could cause a localized deformation in a wall that would cause a
chain reaction of blocks failing and an overall wall collapse. There still needs to be some
research and analysis done into how consistently the blocks can be made and the best way to
do so, but the method we chose was to create our mold such that filling it evenly to the top
with the loose mortar mix would give us the correct amount of mortar for the final
consolidated block. In other words the goal was to consolidate the same volume of loose
mortar for each block to result on the correct density of the final consolidated block. The
downside to this method is that it relies on the loose mortar to be the same density every time
a block is made. This means the bulk density and degree of compaction may vary for each
block. More blocks need to be produced and measured in order to come to a conclusion on
how well the method works. As you can see in the drawings of the mold in Appendix, Figure
A2, the mold is 11” tall while the final block is only 6”.
The second variable we had to address was how to create consistent geometry
between the blocks. Because there is not mortar joint with the interlocking block building
method, there is no material or layer that can account for variation in the geometry of the
block. For example, if one block is not the same height than the one next to it, it will cause
the next course to be out of level. This unevenness will only be amplified as the wall is built
up. The extrusions on the blocks also needed to have a tight fit or they wouldn’t be able to
transfer loads very well between each other and become ineffective during different loading
situations. The way we dealt with this was to install stops, on the press portion of the mold
that would create a firm stopping point for the press during the molding process. In addition,
the steel upper press and bottom base form were made with high accuracy. For the project
going forward, a more cohesive product would need to be produced to minimalize the
possibility of inaccuracy.
The third variable we took into account was the efficiency of production. As for any
engineering project, our goal was efficiency. We want the use of our mold to be able to
quickly produce quality blocks with little wasted material and minimalized strain on the
operator. For our project, we also hand produced the base pieces used to mold each block
seen in Figure 12 which would not be done when the product is in use. They would be
produced in a factory setting and bought along with the mold.
11!

Figure 12: Base piece (left) and table saw sled used to cut trapezoidal pieces of base piece (right).

In order to produce the hundreds of trapezoidal shaped pieces needed for the bottom forms of
the blocks, we built a table saw sled that included a couple clamps and guides also shown in
Figure 12 that allowed quick, accurate, and consistent production of many pieces. As for the
molding process, the features we included to increase the efficiency of the process was the
height of the mold to allow for consistent compaction and block density as mentioned before.
This feature helped to prevent the possibility of overfilling or under filling the mold. The
second feature was mounting all the base pieces on a single sheet of plywood in a uniform
pattern so that the mold did not need to be moved too far between blocks and there would be
no difficulty aligning with any single bottom mold. One of the best and often underrated
ways to improve efficiency is to make the laborer’s job easier and stress free. By ensuring
they don’t have to move as much and won’t have difficulty placing the mold, they will
hopefully remain physically energized and not become frustrated from the work. There are
also several other features that can be added and modified on the mold to even further
improve its efficiency. This includes a funnel shaped piece for the top for easier concrete
placement, tapered exterior walls, overall optimized mold to reduce the weight, and a new
press stopping mechanism that will help with extracting the block from the mold. These will
be talked about more in depth in the Future Work section.

5.2 Procedure
As with any project, the first step is to obtain all the necessary tools and materials.
After that the process includes laying the base mold, placing the steel mold, mixing the
mortar, filling the mold with mortar, consolidation, and extraction.
To produce blocks, the materials and tools needed are:
1. Base Pieces – number depends on how many blocks are being made in a day
12!

2. Mold form
3. Mold press
4. Mortar mix or raw materials for mortar
a. Sand, cement, water
5. A way to mix the mortar – electric mixer, or shovel and hoe
6. Trowel – shovel style and flat smoothing style
a. Both of these can be eliminated by just using hands
Once all the materials and tools are obtained, the first step is to lay out the base pieces
in a way that will allow them to be easily used one after another. The way we accomplished
this was by mounting them all to a single sheet of plywood (seen in Figure 13).

Figure 13: Trapezoidal pieces mounted onto sheet of plywood to from base pieces.

The third step is placing the steel mold. This step is fairly simple, as it should just
slide of the base piece cleanly, but it’s important to have a strategy planned out for the order
in which the blocks will be made. The goal is to not end up locked in the middle of a circle of
curing blocks at the end of the day.
Fourth is to mix the mortar. The method will vary depending on the method used, but
for us we had the luxury of using an electric concrete mixer. The process then was to dump
in our weighed mortar mix, turn the mixer on and dump in the weighed water to help with
even mixing. The mixer was then left to run for a couple minutes until the mix had a uniform
texture throughout. The mix proportions we used are not strict proportions since it is likely
that the blocks will be made out of a different material or product than we used. The goal is
to have a relatively dry mix so that the blocked can be removed immediately after
13!

compaction and still retain its shape without slumping. Some trial and error may need to be
done to find the correct mix.
After mixing, place the mortar mix into the mold. We used a small trowel, but a
shovel or bare hands could have been used equally effectively. The idea here is to just fill the
mold without any forced consolidation until the mold is completely full and leveled off.
The next phase is possibly the most important phase of the whole manufacturing
process. Consolidating the loose mix into the compacted block is where the correct shape and
density is obtained. This is done by taking the top mold and placing it on top of the leveled
off loose mortar mix and pressing down firmly until the stops on the press hit the top of the
mold. In order to get full consolidation it is possible to use a vibrator of some sort or hammer
to knock on the mold. Future testing should be done with a vibrator, either hand held or
attached to the mold, in order to determine the best production method.
The seventh and final step is removing the press and mold form around the block.
This is the most difficult part to complete with the current set up because it is quite easy to
knock off the upper portions of the block as the mold is removed. A way to help this will be
discussed in Future Work.
This whole process is repeated until the desired number of blocks is created.

Figure 14: Molding Process.
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6. Structural Criteria and Mechanics
In order to determine the predicted structural strength of our wall, calculations were
made based on the American design code that guides design engineers in using CMU as a
structural system: 2009 Masonry Standards Joint Committee’s Building Code Requirements
& Specification for Masonry Structures (TMS 402/ACI 530/ASCE 5). We wanted to
compare our interlocking block system with traditional CMU construction, so we did the
structural calculations as if the wall were a standard CMU wall. All the hand calculations
were completed using LRFD and are in the Appendix, Figure A3-A15, for reference, but this
section discusses the basic steps taken to get to the results shown in Table 1.

Table 1: Summary table of the calculations for moment and shear capacities and demands.

Out-of-Plane
Demand
Capacity

In-Plane

Moment (kip-ft.)

1.40

Moment (kip-ft.)

4.5

--

--

Shear (kips)

0.56

Moment (kip-ft.)

2.09

Moment (kip-ft.)

48.2

--

--

Shear (kips)

38.5

Those steps can be broken down into: determining possible dead loads, potential seismic
loads, reinforcement needed for in plane bending, the reinforcement for out of plane bending,
and the reinforcement required to resist in-plane shear forces.
The first step was to make some assumptions about the dead loads that a wall would
see in a real world application. We decided to design a 6’ wide shear wall in a 10’x 10’ small
one story house in Haiti. We assumed the roof of this structure would be a simple 2”X4”
timber frame with corrugated sheet metal sheathing. The tributary area was half of the
building, 50 SF. The outline of the building can be seen on the first page of the calculations
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in the Appendix, Figure A3. We determined that the likely roof dead load would be about 4
psf based on average weights of the timber framing members and corrugated steel sheets4.
The next step was determining the potential seismic loads the wall would see in the
real world. To do this we used data from United States Geological Survey website, which
includes seismic information for international locations. The data we found was for the
capital of Haiti, Port-au-Prince, and can be seen at the end of the hand calculations in the
Appendix, Figure A16 and 17. The short-term spectral response acceleration (Ss) for Port-auPrince is 1.89g. For more information see the USGS website for a better explanation of Ss,
and the assumptions made (i.e. Site Class B soil)5.
The next step was doing the calculations to determine the amount of rebar needed for
in-plane bending. The wall is relatively short and wide, so the wall design was governed by
out-of-plane bending which resulted in Using #4 vertical grade 40 bars at 48” on center.
These bars gave the wall an in plane bending strength is 578,171 lb-in for a fully grouted
wall. The calculations will need to be adjusted for a non-fully grouted wall.
For out-of-plane bending, the design forces are due to the mass of the wall itself being
accelerated in the earthquake. #4 vertical grade 40 rebar spaced 48” apart gave the wall an
out of plane moment capacity of 25,063 lb.-in. The rebar layout can be seen in Figure 19
below.
The final step was determining the amount of horizontal rebar needed to account for
shear stresses inside the wall due to an earthquake. This is where the Ss value comes into
play. After doing the calculations, we determined that the wall would need #4 horizontal
reinforcing bar spaced every 18” up the wall. This gave the wall a shear strength of
38,489lbs. The demand and strength values of the wall can be seen in Table 1.

7. Testing
Testing of a full-scale wall is one of the best ways to determine the performance of
our blocks. We didn’t have enough time to build and test a full-scale wall, but that is part of
4
5

http://www.engineeringtoolbox.com/; http://www.corrugated-metals.com/
https://github.com/usgs/earthquake-wwdesign/wiki/Worldwide-Seismic-Design-Tool-Documentation
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the plan moving forward as discussed in the next section. The main goal of the testing is to
ensure an interlocking block wall could withstand the forces it would see in an earthquake in
Haiti.
For single story homes where we intend the blocks to be used, the compressive
strength of the mortar mix is incredibly strong compared to the forces that the wall will see.
Concrete blocks can generally take anywhere from 1000-5000 psi in compression, while our
blocks will likely not see more than 50 psi. This means they are 20-100 times stronger than
they need to be. Because of this the testing that we will do will be lateral in plane load
testing.
As part of the testing, several small scale test should be done as well. Cubes should be
made at the same time as the batching of the blocks and the pouring of the grout. These cubes
should be tested in compression on the same day that the full scale wall is tested in order to
achieve accurate and relevant results. Tensile test should also be done on the rebar to get
accurate strengths for the reinforcing steel. Steel properties don’t change over time, so those
test can be done anytime. The results of the tests should be compared to a standard CMU
wall and individual CMU blocks.
The machine that will be used to test the wall is Santa Clara University Civil
Engineering’s “Three Degree of Freedom Structural Test Frame”. What that means is that the
machine can apply both compressive and tensile forces in the vertical direction, and forces
both left and right in the horizontal direction. The frame is set up with 2 vertical actuators
about 13 feet apart holding up a large wide flange beam. These actuators can move the beam
from about 6’ in the air up to about 10’. The third and final actuator is connected to one end
of the wide flange and can push or pull the beam both left and right with a total stroke of 30”.
This actuator is the one that will be doing all the work during the testing of the interlocking
CMU wall. All three of the cylinders have spherical bearings on both ends so all the joints
are free to rotate. The wide flange loading beam is restrained by two sets of columns with
large Teflon plates attached to them to keep it from falling our of plane with the wall. All the
features can be seen in Figure 14.
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Figure 15: 3 DOF Structural Test Frame with close-ups of the vertical and horizontal actuators.

The testing will be done using the CUREE-CalTec Earthquake Testing Protocol6 . An
example of which can be seen in Figure 15. The test can run up to a couple hours depending
on the wall structure and material being tested, but the general procedure, is that over time,
the displacements both left and right grow larger and larger. These displacements of the
length of the test do a good job characterizing the resistance of a wall undergoing multiple
cycles of earthquake-induced motion that would occur during a short period of time in an
actual earthquake.

6

ASTM E2126-11, Standard Test Methods for Cyclic (Reversed) Load Test for Shear Resistance
of Vertical Elements of the Lateral Force Resisting Systems for Buildings, ASTM International,
West Conshohocken, PA, 2011, www.astm.org
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Run-Time,-secFigure 16: CUREE-CalTech's Earthquake Testing Protocol

In order to test a wall, it needs to be built on a mobile foundation so that the wall can
be transported into the test frame. Our solution is to build the wall on top of a steel wide
flange beam. The beam has holes that correspond to holes in the foundation of the test frame
and will allow the wall to be bolted to the test frame with 1” diameter threaded rod or bolts.
More details can be seen in section 8.1.2 and section 8.1.5.

8. Future Work
This section will talk in depth about the plans for work that can be done in the next
year by another senior design student or other researcher and work that will need to be done
either in the next year or more likely further in the future. This work will need to be done in
order for the project to have the highest probability of succeeding in the real world.
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8.1 Short Term Future Work
For the project to continue its momentum, the proof of the concept needs to be
completed in the next year. This means producing enough blocks to build and test at least one
full-scale wall to prove that the system works. Alongside this, some other small scale tests
can be done to determine the strength of the interlocking features versus the strength of a
mortar joint between two standard blocks. The main aspect that needs to be done is
constructing and testing a full-scale wall like the one seen in Figure 16. We have developed a
plan for a 6’ long by 8’ high wall that will be discussed in the next sections.

Figure 17: A full-scale wall made from our interlocking block design shown with fixtures and footing to be tested with
CUREE Caltech protocol.

8.1.1 Block Production
The first step in constructing the wall is to produce the blocks required to build the
wall. The wall will need a total of 104 blocks including 88 full sized (6”X6”X12”) blocks,
and 16 half (6”X6”X6”) blocks. The plan for the half blocks is to just cut 8 of the full sized
blocks in half. As with any project, we recommend producing about 10% more blocks than
needed to help account for any unforeseen breakage or mishaps that could happen during the
construction process. The number of extra can be varied up to the researcher’s judgment. To
produce the blocks in a timely fashion, we recommend making more base pieces, so that up
to 30 blocks can be produced in one day. The steps for producing a block can be seen in
section 5.2.
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The method for constructing the base pieces can be seen in Figure 12. The first step is
to cut strips of lumber, we used scrap 2X4, into pieces 7/8” wide by 3/4” tall. The next two
steps use the table saw sled. Firstly the strips need to be cut into pieces 4.5” inch long pieces.
This can be done with the portion of the sled along the back fence. The strip should be
clamped down against the stop then the whole sled slid forward until the piece runs through
the blade and is cut to length. The next step is taking the 4.5” piece and cutting the 30 degree
angles in it. This is done with the angled fence and clamp towards the center of the sled. It is
important to get the angles in the correct orientation, or the piece will be useless for the
project. The final piece should be a trapezoid of base 4.5”, height 3/4", and top 1.875”. These
dimensions can be seen in the Appendix, Figure A18. For each base piece, 8 of these
trapezoid pieces need to be made, so plan according to the number of base pieces being
made. 30 blocks will require a total of 240 trapezoid pieces.
8.1.2 Foundation
The plan for our wall is to build it on a mobile foundation so that it can be picked up
with a forklift and moved into the test frame. The plan is to use a W8X67 wide flange beam.
Details can be seen in Figure 17.

Figure 18: Foundation detail of W8X67 wide flange beam used for full-scale wall

To anchor the wall to the wide flange beam, we need a system that will mimic rebar being
embedded into a concrete foundation. We decided the best option would be to drill a hole in
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the top of the flange that the vertical rebar will go through and be secured on the bottom with
a D6 #4 threaded mechanical rebar anchor from Lenton by Erico®. The two pieces needed
have been acquired and are in SCU’s Civil Engineering Lab. The specifications can be seen
in the Appendix, Figure A19. The anchors are essentially large threaded nuts that won’t
allow the rebar to pull through the flange of the beam. We hope this will mimic a piece of
rebar being embedded into a foundation and allow the wall to act normally with the rebar
yielding inside the wall.
8.1.3 Wall Construction
The first step in wall construction will be to drill the holes in the top flange for the
vertical pieces of rebar with the mechanical anchors under the top flange. Blocking will need
to be used to keep the anchors up against the underside of the top flange. This can be seen in
Figure 18.

Figure 19: Full-scale wall with the rebar reinforcement quantities and locations

Next, the first course will be laid making sure it is straight and level on the beam. To
secure the first course and prevent it from breaking under the loads of construction, fill all the
voids of the first course with grout so that it fills in the recesses on the bottoms of the blocks.
Some formwork will likely be needed to prevent the grout from flowing out of the bottom of
the blocks. Let this layer cure for at least 24 hours before continuing construction.
Once the bottom course has cured, start the second course by placing the blocks on
top of the first and splitting the gaps between the blocks. Make sure every block going up is
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centered over the seam of the two blocks below it. This will ensure strength of the wall and
end up leaving a space for a half block at each end of every other course.
Courses that have horizontal rebar between them will need to have a notch knocked
out down the center of the top of the bottom course to allow the rebar to sit without
interfering with the seam between the courses. See Figure 18 for rebar locations. In the
future, these blocks will be replaced with specialty blocks that have the notch preformed into
them. This will likely need to be done with a new upper press that will leave a notch in the
top of the block for horizontal rebar. The size of the notch will need to be able to accept
several different sizes of rebar and possibly multiple pieces of horizontal rebar.
Once all the blocks have been stacked, fill in the voids that have the vertical rebar
with grout to hold the whole wall together. This is an area that can be tested in the future.
More or less voids may need to be filled to ensure structural stability of the wall. Another
way to help hold the wall together may be to have a steel plate or some other stiff member
that will go over the rebar sticking out of the top of the wall and be anchored down by
putting a nut and washer on the rebar. This would effectively clamp the whole wall together
allowing the angles in the blocks to have a better grip on each other. This is an option that
could be tested for walls further in the future.
The final step in building is embedding threaded rods into the top course of the wall
so that it can be mounted to the test frame. This will be talked about more in depth in section
8.1.5.
8.1.4 Reinforcement
The reinforcement layout can be seen in Figure 18. The reason for the amount of
rebar used can be seen in section 6 and in the calculations in the Appendix, Figure A3-A15.
The wall uses all #4 bar. There are two pieces of vertical bar spaced 48” apart that extend the
whole length of the wall. These will help with the walls capacity to resist moment. The wall
will also have 5 pieces of horizontal bar spaced 18” apart going up the wall. This means there
will be a bar on top of every third course. These bars help the wall resist shear forces that it
could see during an earthquake.
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8.1.5 Test Frame Anchorage
In order to test the wall, it needs to be securely mounted in the test frame with
systems that will be far stronger than the wall itself.
Starting from the base, the Wide flange beam used as the foundation will need to be
fastened to the test frame. The plan for this is to use 1” diameter threaded rods or bolts that
will go through corresponding holes in both the test frame and the wide flange beam. The
holes in the foundation of the test frame are 7.25” apart and corresponding holes have already
been drilled into the bottom flange of the wide flange beam. The detail for this can be seen in
Figure 17.
The top anchorage will need to be free to rotate, so it will consist of two pieces. This
system has been used in the SCU Civil Engineering labs before, so the pieces are already in
place. These pieces can be seen in the Appendix, Figure A20-A22. The piece mounted to the
wall consists of a flat bottom plate that sits on top of the wall. This plate has 6 holes in it that
will be used to anchor the piece to the wall in conjunction with the threaded rods that were
imbedded into the top course of the wall during construction. Off of this plate comes two
trapezoidal pieces with a hole in the upper center of each. These holes will line up with a
corresponding hole in the other pieces of mounting hardware. A pin will then be placed
through all three holes to create a pinned connection at the top of the wall. The upper piece
has a similar base plate that can be bolted to the upper beam of the test frame and has a single
trapezoid piece down the center of it with a similar hole to the ones described for the bottom
piece. The upper piece also has a globe bearing at the hole location to allow for some
freedom of rotation during testing. It is up to researchers and advisors going forward as
whether to use one of the upper anchoring systems centered on the wall or two of the systems
at third points on the wall.

8.2 Long Term Future Work
Most of the long-term future work will involve optimizing the processes that we have
established in the last year and doing more extensive testing on the characteristics of the
blocks. This includes, but is not limited to: mold optimization, mix optimization, and creating
specialty blocks.
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8.2.1 Mold Optimization
In order to optimize the mold there are three main things that can be done as soon as
possible: adjust the height of the mold, install a funnel type piece(s) on the top, and create a
new stopping mechanism. Some or all of these things may be done in the next year, but they
are not as high of a priority as making sure the concept works, so getting a wall built and
tested is the next step in the process. The basic concepts for a couple of the improvements
can be seen in Figure 20.

Figure 20: Preliminary images for mold improvements.

First is to optimize the height of the mold several blocks need to be made and
accurately weighed and measured to determine their density. It will take some repetition and
use of the mold to really get a feel of what works well and what doesn’t, but after only
making five blocks it is already clear that the height of the mold is about an inch too high for
the mix that we were using. It would also be nice if there were a way to adjust the height of
the mold to account for various mixes and materials that might be used.
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Another addition to optimize the mold is to add angled pieces to the top of the mold
that would act like a funnel. One of the biggest troubles we ran into was needing to be careful
about not spilling mortar mix over the side of the mold. If there were something there to
prevent that, the manufacturing process would be a lot smoother and more efficient.
The final mold optimization to make at this point would be to redo the upper press
portion to where the press piece would have two legs that came off of it and rested on the
ground. Theses legs would act as the depth stops instead of the bars welded across the
handles like we have. The main benefit of this style of press stop would be that the mold
could be pulled off of the block while the press stop is still in place. I think this would greatly
minimize the chances of the top extrusions and corners breaking off as the block is extracted
from the mold.
8.2.2 Mix Optimization
The next problem that can be addressed is the best mix design to use with the block.
Ideally the mold can be used with a wide variety of mixes, but I think it would benefit the
project to have a more sustainable mix design to go along with it. Cement is quite
environmentally harmful releasing about 7% of global carbon dioxide produced each year8.
Traditional mortar based blocks are also far 50 to 100 times stronger than they need to be in
compression for single story homes. A weaker and more environmentally friendly mix would
suite the project very well. There are a couple options being researched separately at SCU
that could possibly create a joint project with ours.
8.2.3 Specialty Blocks
The third piece of work that can and should be done after the main concept is proven
to work is to develop the specialty blocks needed for different building pieces such windows
and doors. There are hundreds of shapes and sizes of standard CMU blocks and long term,
many of these will need to be replicated with the interlocking design for the project to take be
usable in many different situations. The most important ones to create from the start are
blocks that can be used as headers for doors and windows, and half blocks that can be used at
wall terminations.
8

http://www.buildinggreen.com/features/flyash/appendixa.cfm
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9. Cost Analysis
Initially, our scope of work included building a full-scale wall, 6 feet wide by 8 feet
tall. However, due to time constraints and the time it took for the steel mold to be
manufactured, we were only able to build a few blocks. Below in Table 2, the expected price
of our project is compared to the actual price. The prices are very close. We didn’t have to
purchase bags of mortar mix because the inventory of mortar mix in the Santa Clara
University lab was sufficient for the amount of blocks we were making. We made 4 blocks
with the steel mold. Rebar for the wall reinforcement was donated by Erico®.
Table 2: The expected price and actual price comparison of materials for our project

Bags of
Mortar Mix

Mold

Rebar

Total

Expected Price

$15

$1000

$50

$1065

Actual Price

$0

$1250

$0

$1250

Costs in developing countries would depend on the cost for labor and the cost for the
mortar mix in order to make the blocks. In Kathmandu, Nepal, one of the cities that was
greatly affected by the earthquake, a 250 square foot wall made with conventional CMU
blocks would cost around $28009. This price accounts for the block wall cost, block wall
labor, block wall job materials and supplies, and block wall equipment allowance. The price
of labor accounts for the majority of the total cost at $2,166.25. With our interlocking blocks,
the amount of labor hours will go down and, as a result, so will labor cost.

10. Ethical Analysis
All human beings are of worth and deserve basic fundamental rights. Article 25 of the
United Nation’s Universal Declaration of Human Rights states that everyone has a right to
9

http://www.homewyse.com/services/cost_to_install_cmu_block_wall.html
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adequate living including housing. This belief fueled the motivation behind our project. We
wanted to ensure that housing was available for people of all economic backgrounds.
Unfortunately, in many societies, the wealthy elite have everything they need while the poor
are neglected. Many of the world’s poor have limited access to modern construction
techniques and materials. Simply gaining access could have a great impact on one’s standard
of living. Adequate shelter is a basic necessity that everyone deserves.
The National Society of Professional Engineers has written a Code of Ethics for
engineers to follow. As engineers, we must exhibit the highest standards of honesty and
integrity. We are given great responsibility with the work we do and we owe it to the public
to hold paramount their well-being. In the Non-Technical Issues section, we’ll further discuss
our role as ethical engineers when it comes to certain factors.

10.1 Non-Technical Issues
10.1.1 Science, Technology, and Society
Prior to the earthquakes in Haiti and Nepal, these nations were already victim of
poverty and housing crisis. Low-income families in countries like these are more vulnerable
to the effects of natural disasters due to their inability to afford quality housing. In Nepal,
24.8% of the population lives below the international poverty line of $1.25/day10. According
to Nepal’s 2011 National Populations and Housing census, less than 10% of the total number
of households lived in houses with pillars made of reinforced concrete. That number further
decreased after the earthquake.
Our product of interlocking blocks will have a positive impact on societies where
adequate housing is scarce and unaffordable. Not only will it help people post-natural
disaster, it will also be a preventative measure to the effects of natural disasters. More
families will have access to homes built of reinforced concrete. This building material will no
longer just be available for the elite class.
Our project could potentially serve a commercial purpose for local communities. As
all blocks are hand-made, they are ideal for use in remote areas where job creation needs
boosting and deliveries of standard CMU blocks would be expensive. If the production is
10

http://cbs.gov.np/wp-content/uploads/2012/11/National%20Report.pdf
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centralized, the blocks themselves could be sold as units creating an industry of cheap blocks
for people who can’t make the blocks themselves.
10.1.2 Economic
Interlocking blocks provides an option for cheap housing for people who otherwise
can’t afford it and are stuck living in substandard housing. Multiple engineering decisions
made throughout the project made sure we came up with the cheapest product possible. For
one, a couple of the initial block designs were rejected due to the thickness of their walls.
Secondly, when designing the manufacturing process of the blocks, we made sure that there
was the need for only one of the more expensive piece, the mold, and for many of the
cheaper pieces, the base pieces.
10.1.3 Health and Safety
We developed our product with the thought in mind that unskilled, and possibly
unexperienced, workers would be building with it. The simplicity of the blocks themselves
make sure that there would be no more added safety issues than the normal issues that come
up with construction. The main issue we have to deal with is making sure a building made
from these blocks would be structurally stable. The structural stability of walls made from
our interlocking CMU blocks would be determined through testing. We have to make sure
that the interlocking joints meet the same structural criteria that standard CMU blocks meet
to ensure that any buildings made from it is safe for occupants.
10.1.4 Manufacturability
The manufacturability of our blocks was an important aspect of our project. We
wanted to make sure that unskilled workers can make many of these blocks per day. Specific
to our project, one of the development time issues that arose was the production of the wood
base pieces. However, we don’t see this problem arising in the real world as the base pieces
would be produced in a factory and sold for cheap. Cost issues that one may come across
with our product is finding funding for the mold press and form because this would be the
most expensive piece. Luckily, there are multiple organizations that help fund projects in
developing countries.
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10.1.5 Usability
We believe that our product is very user-friendly. Our mold could be easily learned
and used by the end user. Again, we designed the mold with unskilled laborers in mind. We
tested the mold by making a few blocks ourselves. We, too, are unskilled laborers. Although
the conditions in the lab at Santa Clara University wouldn’t necessarily be equal to the
conditions in developing countries, we feel that if we were able to make blocks from our
mold then a laborer with little to no experience would have no problems as well.
Our blocks could be compared to Legos. If a block is not made or placed properly, it
will not fit.
10.1.6 Environmental Impact
We wanted to ensure that the blocks would leave little impact on the environment as
possible. Producing the blocks requires no electrical power; they are made completely from
man-power. The manufacturing of these blocks also require minimal transport and make little
mess.
The main environmental concern comes from the CO2 emitted from the cement in the
blocks. The cement industry accounts for about 7% of global carbon dioxide emissions.
Since cement is the primary ingredient in concrete, CMU blocks whether standard or
interlocking contribute to these emissions. Concrete emits 0.107 kg CO2 per kg of material11.
In our case, with each block weighing about 13.6 kg and each house consisting of around 640
blocks more or less, one house would be responsible for 931 kg of emitted CO2. However, we
feel like the positive impacts of our blocks are greater than the environmental impact. We are
hoping in future research for mix designs, less cement in concrete can be feasible.

11. Conclusion
11.1 Summary
In summary we wanted to explore the concept of interlocking CMU blocks and lay
the ground work for the project to be refined by others in the future. We started by coming up
11
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with a viable interlocking design, developed a way to produce the blocks, then created a plan
for building and testing a wall made from these blocks. We hope someone will continue our
work and take this project into the real world. We think a good place to start is with
Ecological Builders Network (EBNet). They are a group of developers, builders and
engineers who focus on connecting researchers with people who would actually use the new
and developing building technologies in the real world.

11.2 Assessment
With some detail work, we think this project can become an extremely practical
choice for building construction all over the world. The interlocking concept can drastically
reduce the negative aspects of conventional CMU construction.

11.3 Recommendations
For continuing forward, there are a few things we directly recommend for those
continuing the project. First, get familiar with the system. Make a lot of blocks to get a feel
for how the system works. These blocks can go towards our next recommendation of
building and testing the wall talked about in section 8.1. After the wall is built and tested,
there are some mold and procedure modifications that can drastically increase the efficiency
of block production. These can be seen more in detail in section 8.2. After that further work
will be up to the researcher working on the project.
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12.1 Appendix

Figure A1: Model mold found on https://www.youtube.com/watch?v=DAQHOhffTIo&feature=youtu.be

Figure A2: Profile view of mold form of steel mold. Dimensions are in inches.
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Figure A3: Reinforced Masonry Calculations Page 1
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Figure A4: Reinforced Masonry Calculations Page 2
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Figure A5: Reinforced Masonry Calculations Page 3
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Figure A6: Reinforced Masonry Calculations Page 4
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Figure A7: Reinforced Masonry Calculations Page 5
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Figure A8: Reinforced Masonry Calculations Page 6
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Figure A9: Reinforced Masonry Calculations Page 7
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Figure A10: Reinforced Masonry Calculations Page 8
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Figure A11: Reinforced Masonry Calculations Page 9
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Figure A12: Reinforced Masonry Calculations Page 10
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Figure A13: Reinforced Masonry Calculations Page 11
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Figure A14: Reinforced Masonry Calculations Page 12
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Figure A15: Reinforced Masonry Calculations Page 13
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Figure A16: Reinforced Masonry Calculations page 14
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Figure A17: USGS Worldwide Seismic Design Tool summary for Port-au-Prince
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Figure A18: Close-up of Figure A16

Figure A19: Dimensions of trapezoid on base piecesto
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Figure A20: Specification sheet for Lenton Terminator “D6” Embedment Anchor

51!

Figure A2112: Bottom of frame-to-wall fixture design, the part of the system that allows a metal rod to pass through entire
design and bearing for proper load transfer

Figure A22: Elevation profile of the frame-to-wall design
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Figures A21-A23 are taken from a previous thesis, Straw Bale Seismic Design Capacities III
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Figure A23: Top of frame-to-wall fixture design, the part of the system that houses the swivel bearing
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Figure A24: Page 1 of press drawings.
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Figure A25: Page 2 of press drawings.
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Figure A26: Page 3 of press drawings.
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Figure A27: Page 4 of press drawings.
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Figure A28: Page 5 of press drawings.
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Figure A29: Page 1 of press drawings.
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Figure A30: Page 2 of mold drawings.
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Figure A31: Page 3 of mold drawings.
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Figure A32: Page 4 of mold drawings.
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Figure A33: Page 5 of mold drawings.
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Figure A34: Page 6 of mold drawings.
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